Spontaneous intracranial hypotension (SIH) is a significant cause of chronic, postural headaches. Spontaneous intracranial hypotension is generally believed to be associated with cerebrospinal fluid (CSF) leaks, and these leaks can be posttraumatic, iatrogenic, or idiopathic in origin. An integral part of the management of patients with this condition consists of localizing and stopping the leaks. Radiologists play a central role in the workup of this condition detecting leaks using computed tomography, magnetic resonance imaging, or nuclear imaging. In this article, we briefly review SIH and the various imaging modalities, which can be used to identify and localize a spontaneous CSF leak.
Introduction
Spontaneous intracranial hypotension (SIH), first described by Schaltenbrand, 1 is often considered to be a rare condition; however, studies have shown that it is relatively common, affecting between 1:20 and 50 000 of the population, 2 which is approximately half as common as subarachnoid hemorrhage. 3 Symptoms of SIH include postural headaches, neck pain, nausea, vomiting, and phonophobia/photophobia. [4] [5] [6] There is a known female predilection for SIH, 7 but this condition can affect either gender at any age.
Although SIH is generally considered a benign disease, serious complications have been reported. Occasionally, this condition results in chronic subdural collections requiring neurosurgical intervention, 8 recurrent subdural hematomas, 9 or cranial nerve palsies. 10 Unusual complications such as Parkinsonism, 11 and reversible dementia 12 have also been reported. Severe sagging of the brain may result in coma from either diencephalic or hind brain herniation. 8 The loss of cerebrospinal fluid (CSF) volume can lead to spinal epidural venous plexus enlargement which can become symptomatic and mimic inflammatory, degenerative, or neoplastic disease. 13, 14 The etiology of spontaneous CSF leaks remains incompletely understood. It's been speculated that the cause of SIH may have its origin in idiopathic intracranial hypertension. 15 Prolonged exposure of the dura to increased pressures may result in stretching and thinning, predisposing to small tears. Cerebrospinal fluid can escape through the small openings, resulting in hypotension, as per the Kellie-Monroe-Cushing doctrine. 16 Schievink et al 17 have recently proposed a classification system of spontaneous spinal CSF leaks. According to this study, spontaneous CSF leakage from the spine is typically caused by one of the 3 etiologies. First, a dural tear, the most common are the ventral tears of the dura resulting from bony spine pathology including osseous spurs and degenerative disk disease. 18 These are associated with extensive extradural collections and calcifications of various sizes at the level of intervertebral disc. Posterolateral dural tears are a less common cause of CSF leak. Second, a meningeal or arachnoid diverticula arising from the nerve root sleeves which are a wellknown source of CSF leaks. These are most commonly seen within thoracic or upper lumber spine. In addition, patients with connective tissue disorders also appear to be at increased risk of SIH. 19, 20 Lastly, CSF-venous Fistulas, which are abnormal communication between the subarachnoid space and an adjacent spinal epidural vein. This aberrant connection allows unregulated loss of CSF back to the circulatory system. In patients where a CSF leak cannot be identified on spinal imaging, such fistulas should be considered as a potential etiology for SIH. 7 The classic manifestation of post-traumatic CSF leaks include otorrhea or rhinorrhea. 21 The other common mechanism is iatrogenic related to lumbar puncture or epidural anesthesia complication. In these cases, the combination of history and clinical findings leads to a high clinical suspicion of a leak. Presence of CSF can be confirmed by measuring b2-transferrin activity in the fluid. In these relatively straightforward cases, conventional imaging will sometimes reveal a fracture or dural defect at the cribriform plate or paranasal sinuses; however, in the case of SIH, the history typically consists of vague postural symptoms without clear physical findings. To further complicate matters, the vast majority of spontaneous leaks occur in the thoracic spine or cervicothoracic junction, 6 eliminating any directly observable signs of a CSF leak.
In this article, we review the use of imaging in the investigation of SIH. The bulk of the published experience on the imaging of CSF leaks has historically focused on the clinical context of otorrhea and rhinorrhea, usually secondary to trauma or of an iatrogenic etiology. Spontaneous intracranial hypotension, despite being a distinct clinical phenomenon, can be studied using much the same techniques, and familiarity with these techniques in general is helpful in guiding the imaging approach to the patient with suspected SIH.
Clinical Diagnosis of SIH
Diagnosis of SIH can be difficult. In a series of patients with SIH, 94% were initially misdiagnosed, 5 with a reported diagnostic delay of up to 13 years in some cases. Misdiagnoses have, on occasion, also been reported to lead to unnecessary surgery. 6 Diagnostic criteria for SIH have recently been proposed by Schievink et al, 22 which allow for the diagnosis to be made, even in the absence of abnormalities on magnetic resonance imaging (MRI). Nonetheless, neuroimaging does play a central role in the assessment of suspected SIH. The criteria are shown in Table 1 . These differ from the International Classification of Headache Disorders, second edition (ICHD-2) criteria 4 by not specifying the time course of the headache and by not presuming that epidural blood patch (EBP) is uniformly effective, which it frequently is not. 24 
Lumbar Puncture
The opening pressure in patients with SIH can vary widelythis is reflected in the fact that low opening CSF pressure does not constitute absolute criteria for the diagnosis of SIH, as per Schievink's criteria. 22 In one study where the opening pressures for 17 patients were measured, 25 10 had negative opening pressures, another 2 were less than 50 mm of water, and 5 were within the normal range. The results of another study suggested that the opening pressure varied with the duration of symptoms and was higher in patients with longer duration of symptoms. 26 Studies have also shown that CSF pressure increases with time even if an active CSF leak is still present. In fact, it is the low CSF volume rather than a low pressure that is the principal problem. 27 
Management
Conservative management. Conservative management, consisting of bed rest, ample hydration, and caffeine intake, is often discussed in the literature, but its effectiveness has not been clearly demonstrated; however, it is often recommended before proceeding to invasive measures. A few studies have looked at the use of corticosteroids and caffeine, 28 but larger trials are needed to better clarify the role of these agents in the management of this condition.
Epidural blood patch. If a patient does not experience symptomatic improvement after 1 to 2 weeks of conservative management, epidural blood patch (EBP) is usually attempted. This consists of an injection of autologous blood into the epidural space with the expectation that blood will proceed to the site of the leak, coagulate, and seal the dural opening. In actuality, the true manner in which the blood patch relieves symptoms is incompletely understood and may act through altering either CSF dynamics or the local properties of the dura. 29 Nonetheless, the effectiveness of the procedure has been repeatedly demonstrated. In one study involving patients with clinically diagnosed SIH, 30 89.5% of patients had relief of symptoms after a first EBP, with the rest experiencing relief after repeat treatments; however, other studies have suggested much lower success rates with response rates after the first EBP as low as 36%. 24 Studies have examined whether EBPs are more effective if injected at the level of the leak (so-called, directed EBP) as detected by imaging or known causative mechanism. A recent nonblinded, nonrandomized study compared the effectiveness of directed versus nondirected EBP. 31 The authors found that 87% of patients with directed blood patch had relief of symptoms, as compared to 52% for the nondirected. This finding highlights the importance of localizing the location of the leak.
Fibrin glue. An alternative to EBP is the placement of fibrin glue at the leakage site. This treatment has been attempted in patient who have not experienced relief with one or more EBP 32 with a certain degree of success reported. 20 Surgery. In patients who have not shown improvement with EBP, or who have had only transient results, neurosurgery can be an option if the leakage site has been identified. Depending on the etiology of the leak, various surgical approaches can be attempted including ligation of diverticula, suturing of dural tears, and the insertion of gel foam around leak sites. Although not universally successful, these methods have been shown to be effective in select patients. 33 
Review of the Imaging Modalities Employed in the Diagnosis of CSF Leaks

Radioisotope Cisternography
Dating back to the 1950s, radioisotope cisternography (RIC) was the traditional imaging modality used prior to the widespread proliferation of computed tomography (CT) and MRI and remains in use due to its high sensitivity. The technique consists of intrathecal injection of radiopharmaceutical, either technetium ( 99m Tc)-or indium ( 111 In)-labeled Diethylenetriamine pentaacetic acid (DTPA), with periodic imaging-a standard protocol consists of imaging at 1, 2, 4, 24, and 48 hours postinjection. Imaging at multiple time points aids in the detection of intermittent or slow leaks.
The interpretation of RIC study relies on the presence of both direct and indirect signs. The most conclusive finding is direct paradural spread of radiotracer; however, this feature is not always present. For example, in the study of Hyun et al, 34 indirect signs were identified in 90% of patients with SIH, while direct signs were present in only 80%. Indirect findings include early bladder visualization (1-3 hours postinjection). Some authors have questioned the significance of early bladder filling as a significant finding in SIH 35 ), rapid clearance of spinal activity (within 1-5 hours), and lack of activity over the cerebral convexities at 24 hours postinjection ( Figure 1 ). The presence of these indirect findings allows for a diagnosis in the case of an intermittent leak, which may not be directly evident on the images, unless the leak was active during the period of image acquisition.
The drawbacks of RIC with planar imaging are usually considered to be 2-fold: the first is the lack of anatomical information provided by the planar images. If a leak is seen, identifying the specific vertebral level is difficult. The second is that characterizing the cause of the leak is not feasible. These 2 points become particularly relevant when therapeutic options are being considered.
The first of these problems has been resolved with the advent of single-photon emission computed tomography (SPECT) and SPECT-CT, which fuses the SPECT image with a low-dose CT, allowing for precise anatomical location of leakage sites. To our knowledge, besides a few case series, 36 no large studies have examined the use of SPECT or SPECT-CT imaging in cases of suspected SIH.
Besides a few case reports, 37 relatively few studies have been performed examining the role of RIC in SIH. Wiesemann et al 38 reported on a series of 10 patients with SIH in which RIC was abnormal in all, while MRI was abnormal in only 7 of the 10. Compatible results were presented in the study of Jung et al. 39 Moriyama et al 40 examined the use of quantitative analysis of for the detection of CSF leaks in 57 patients. They found that, in the absence of a leak, normal CSF clearance was exponential. However, in the presence of a leak, clearance was best described as composed of 2 phases: an early, rapid phase and a late, slow phase. These authors suggested that this finding might allow for the detection of small leaks below the resolution limit of RIC. Recently, Sakurai et al 41 examined the use of RIC in patients with SIH compared to those with CSF leaks due to lumbar puncture. They found that the findings in SIH were distinct from those with iatrogenic leaks. Morioka et al 42 studied a total of 67 patients with suspected SIH and concluded that the indirect findings of RIC were useful for both diagnosis and posttreatment evaluation of SIH.
A few studies have compared RIC to MRI. Like in the study by Wiesemann et al, 38 RIC was compared to magnetic resonance (MR) myelography, 43 and was found to be highly accurate with a reported sensitivity of approximately 93%, which was more sensitive than MR. Likewise, Chiapparini et al 14 concluded that RIC was the most sensitive imaging test for the detection of CSF leak when compared to MR and CT myelogram.
Overall, RIC has high sensitivity for the detection of CSF leaks and allows for imaging at multiple time points with no additional increase in radiation exposure, a feature that could potentially be helpful in the context of intermittent leaks. In addition, with the advent of SPECT-CT, improved anatomical localization and characterization is now a possible; however, the literature pertaining to the use of this technique in patients with SIH is quite limited and RIC, in general, is infrequently performed compared to anatomical imaging studies.
Unenhanced CT
Unenhanced CT studies have often been used to detect the location of a CSF leak, usually in the case of an expected skull base leak, and often serve as the initial imaging study. The use of multidetector CT allows for thin section images (on the order of 1 mm) with multiplanar reformations to be rapidly acquired, minimizing patient inconvenience. This technique has been studied and shown to be accurate, predominantly in the setting of skull base CSF leaks, as these leaks are frequently associated with bony defects and opacification of the paranasal sinuses or mastoid air cells. 44 The sensitivity of unenhanced CT for the detection of skull base CSF leaks has been reported to be as low as 48% 45 and as high as 92% 46 ; however, the use of unenhanced CT to detect spinal CSF leaks has not been well studied.
The reported CT findings associated with SIH include increased attenuation in the basilar cisterns or along the tentorium cerebelli which can mimic subarachnoid hemorrhage, 47 subdural collections, 48 sagging of the brain, brain swelling, 49 and cerebral venous thrombosis 50 (Figure 2 ). However, in our experience, CT is frequently unremarkable in the context of SIH. Variations which have been devised in order to increase the sensitivity include ''head-hanging CT'' 51 in patients with pneumocephalus. 
Computed Tomography Cisternography and Myelography
Computed tomography cisternography and myelography are the main imaging techniques for investigation of suspected CSF leaks. 52 The technique consists of an intrathecal injection of 3 to 10 mL of a nonionic, water-soluble iodinated, low osmolarity contrast followed by high-resolution CT images, with the patient in both prone and supine positions, which allows for the detection of direct leaks of contrast, as well as skull base defects and opacification of sinuses. Imaging in both prone and supine positions is important as myelographic contrast is denser than CSF and will accumulate in a dependent position within the subarachnoid space. Comparison with precontrast images allows for increased sensitivity and decreases the rate of false positives due to sclerosis or the presence of blood. However, due to increased radiation dose, only postcontrast images are mostly performed.
The reported findings of SIH on CT myelography include extrathecal fluid collections (the most common finding), direct contrast extravasation, dilated epidural veins, enlarged epidural venous plexus, and dural enhancement 53 (Figure 3 ).
Unlike RIC, CT cisternography is not helpful if the leak is not active at the time of imaging and, in these cases, is no more accurate than regular CT. 54 Sensitivity is reported to be 48% overall, 54 with high sensitivity (92%) for active leaks but low sensitivity (40%) for inactive leaks. 46 As in the case of RIC, ''overpressure'' CT cisternography 55 has been developed but is not frequently used.
The performance of CT myelography compared to MR myelography was examined by Wang et al 52 who found that MR myelography was better at detecting spinal leaks. Conversely, Starling et al 56 found that CT myelography was slightly more sensitive than MR myelography.
Besides the low overall sensitivity of CT cisternography for inactive leaks, additional drawbacks include the relatively high radiation exposure to the patient, which can be curtailed somewhat by focusing on areas, which appeared suspicious on previous imaging studies, as well as the nephrotoxicity and the risk of anaphylaxis due to the use of a contrast agent.
Dynamic CT Myelography
One of the limitations of CT cisternography/myelography is its limited temporal resolution. To be visualized, a CSF leak must be active between the time of contrast injection and the postcontrast image acquisition. If there is no leakage of contrast in the interval between injection and imaging, a leak will not be detectable by CT cisternography/myelography, which helps explain the low sensitivity of this technique for intermittent leaks. At the other extreme, some CSF leaks are so brisk that, at the time of imaging, extrathecal contrast material has extended to several vertebral levels making it quite difficult to identify the location of the leak. To help overcome these limitations of conventional CT cisternography, the technique of dynamic CT myelography 23 was developed.
As the name implies, dynamic CT myelography consists of acquiring multiple sets of CT images during and immediately after intrathecal injection of diluted, nonionic contrast ( Figure  4 ). Luetmer and Mokri 23 describe performing a total of 5 CT acquisitions. The series of images consist of a preinjection scout image, a CT acquisition when half the contrast had been instilled, followed by a repeat acquisition 10 seconds later. The patient is then rapidly positioned and imaged in the right lateral decubitus, supine, and prone positions.
A single-center, retrospective review 57 of 151 patients referred for suspected spinal CSF leak categorized patients as having ''slow'' leaks (a leak that could be localized to within 2 vertebral segments on conventional CT myelography), ''fast'' leaks (visualized only on dynamic CT myelography), and no leaks (no leak seen on dynamic or conventional CT myelography). These authors found that 21% of patients had fast leaks, 24% had slow leaks, and 55% had no detectable leak on their initial CT myelography, highlighting both the limited sensitivity of conventional CT myelography and the large proportion of CSF leaks detectable only by dynamical image acquisition.
The use of ''ultrafast'' dynamical CT myelography to detect fast CSF leaks due to spiculated spinal osteophytes has also been described by Thielen et al 58 and found to be useful in that context ( Figure 5 ). Their protocol consisted of up to 5 acquisitions performed within 75 seconds of contrast injection, followed by a 5-minute delayed acquisition.
An important limitation of the dynamic technique is its unfavorable dosimetry due to the use of multiple CT acquisitions. Thielen et al 58 reported an effective dose of 70.64 mSv (range: 21.5-182.9 mSv), which is relatively high for a diagnostic procedure. For comparison, a CT cisternography would have an effective dose approximately one-fifth this amount, while RIC generally delivers an effective dose of 3 to 10 mSv. 59 
Fluoroscopic Myelography
Due to its excellent temporal resolution, fluoroscopic digital subtraction myelography (DSM) has been reported 60 to be of use in the detection of fast CSF leaks which were occult on both conventional and dynamic CT cisternography; this technique is used in cases of suspected areas of fast, focused spinal leak.
In patients with a dural tear accompanied by a longitudinally extensive extradural fluid collection, routine postmyelographic CT usually confirms the presence of CSF leak but the exact localization of the dural tear might not be possible because the extravasated contrast material spreads too rapidly in the subarachnoid space and spans multiple vertebral levels. Dynamic CT myelography was introduced to overcome this limitation, but the temporal resolution of this technique remains inadequate. In such cases, DSM is a valuable diagnostic tool. In his series of 11 patients, Hoxworth et al 60 showed a success rate of 83% in localizing the site of dural tears using DSM.
Patients positive for spinal longitudinal extradural collections (SLEC) on MR, who are best positioned prone and those with no SLEC, are best evaluated in a decubitus position for definitive leak localization on DSM. 61 Presence or absence of SLEC also determines the underlying etiology of CSF leak and accurately predicts in whom the EBP may work. Spinal longitudinal extradural collections-positive patients have mechanical dural tear as underlying cause of CSF leak and such patients benefit from EBP (both nondirected and directed). Spinal longitudinal extradural collections-negative patients on the other hand have a CSF-venous fistula as underlying cause and they don't benefit from EBP but need surgery for repair. 61 Digital subtraction myelography has some potential limitations. First, it is extremely sensitive to motion degradation. Second, the total duration of the procedure is 20 to 30 seconds, so some CSF leaks that are not rapid enough might be missed.
Magnetic Resonance
Magnetic resonance imaging is frequently the initial imaging study, which suggests the possibility of a CSF leak. Typical findings of a leak are contained in the mnemonic SEEPS 62 (subdural fluid collections, enhancement of the meninges, engorgement of venous structures, pituitary hyperemia, sagging of the brain) and are highly suggestive of the presence of a leak ( Figure 6 ). Studies have shown that the most common finding is pachymeningeal enhancement, followed by subdural collections, and then sagging. 63 The ''venous distention sign''-a convex distention of the inferior portion of the midpoint of the dominant transverse sinus-is reported to have 94% sensitivity and specificity for SIH. 64 Likewise, the ''venous hinge'' sign 65 -a reduction of the angle between the vein of Galen and the internal cerebral vein-has been reported to be associated with SIH (Figure 7 ). In addition, enhancement of the spinal dura has been reported by Moayeri et al. 66 These findings on their own do not provide a location or etiology for the leak. Nonetheless, these findings are useful for identifying patients in whom symptoms are leak related. In a study of patients with a clinical diagnosis of SIH, brain MRI had a reported sensitivity of 83%, while spine MRI had 94% sensitivity. 25 Other authors have also reported relatively high sensitivity for the detection of CSF fistulae. 67 
Magnetic Resonance Cisternography/Myelography
Magnetic resonance myelography and cisternography are used to help localize the source of a leak. These studies can be performed with or without the administration of intrathecal contrast. A noncontrast MR cisternography typically relies on heavily weighted T2 fast spin echo images with fat suppression and provides high contrast to noise ratio, multiplanar evaluation of volumetric data, and thin-section images. An additional advantage of the noncontrast study is its noninvasive nature. The presence of a CSF fistula is characterized by a hyperintense tract between the subarachnoid space and the adjacent tissues or paranasal sinuses; however, these findings can be nonspecific and sinus disease, paravertebral veins, and susceptibility artifact related to the air-bone interface can result in false-positive studies. In fact, the false-positive rate for this study has been suggested to be as high as 42%. 68 A standard protocol for MR cisternography with intrathecal gadolinium administration typically includes precontrast T1 (usually fat suppressed) and heavily-weighted T2 images of the whole spine. Following the precontrast acquisition, approximately 0.25 to 0.5 mL of Gd-DTPA is diluted 2-fold with CSF and injected into the subarachnoid space. 69 Most commonly, we used a mixture of iodinated contrast and gadolinium for a combined CT and MRI cisternography/myelography study. Postcontrast images can be acquired as early as 15 minutes following injection and, if needed, additional delayed images can be acquired several after hours after injection. 70 Detection of a CSF leak relies on leakage of contrast out of the subarachnoid space to the paranasal sinuses, epidural, or paravertebral spaces.
Several relevant artifacts have been described which can result in false-positive studies. In particular, retrospinal fluid collections at C1-C2 71 and improper fat suppression at the cervicothoracic junction, 72 or at fat-air interfaces, 73 have been listed as potential interpretative pitfalls.
In one study involving 14 patients with SIH, 74 myelography helped locate the source of the leak in 9 (64%) patients. In another study involving 19 patients with a clinical diagnosis of SIH, 75 17 (89%) had indirect findings of a CSF leak, with the location of the leak identified in 14 (74%) of these. Overall, the accuracy of MR myelography is reported to be between 64% and 100%. 74 Limitations of MR include limited sensitivity in cases of intermittent or low-flow leaks. As well, MR imaging is suboptimal for the assessment of osseous detail such as osseous defects or subtle fractures, which can be associated with CSF fistulas, particularly at the skull base. A number of patients are also unable to undergo MRI due to hardware or claustrophobia.
Finally, we note that intrathecal administration of gadolinium contrast, such as for MR myelography, constitutes an off-label use and is not approved by the Food and Drug Administration/Health Canada. Early animal studies did not initially report neurotoxic effects from the use of Gd-DTPA at clinically relevant doses. 76 Multiple relative contraindications exist to performing intrathecal injections, which must be taken into consideration before performing a study such as RIC, computed tomography cisternography (CTC), or MR myelography with intrathecal contrast. In particular, these include a history of seizures, a grossly bloody spinal tap, hematoma or infection at the puncture site, pregnancy, space-occupying intracranial process with increased intracranial pressure, evidence of bleeding disorder or coagulopathy, myelography performed within 1 week, previous surgical procedure in anticipated puncture site, generalized septicemia, and a history of allergy or intolerance to iodinated contrast media and/or gadolinium-based MR contrast agents. Complications of intrathecal injection include postprocedural headache, infection, and minor bleeding.
The Use of Different Imaging Modalities for the Investigation of the Low CSF Pressure Headache
Comparison of the different imaging modalities used for the detection of CSF leaks is complicated by the fact that certain modalities are better suited for the detection of fast leaks rather than slow leaks, others are more suitable for skull base leaks, while others are better adapted for the detection of spinal leaks. In addition, most studies done to date are retrospective in nature and involve small numbers of patients.
No definite diagnostic algorithm exists for the imaging approach to the patient with suspected SIH. Figure 8 shows an approach to the patient with postural headache as suggested by Yoon et al. 77 The initial imaging test suggested in this algorithm is a contrast-enhanced brain MRI to look for findings of SIH and recommends considering alternative diagnoses if typical findings of SIH are absent; however, as mentioned above, brain MRI has limited sensitivity for SIH, which suggests that adhering strictly to the proposed algorithm may result in a significant number of false negatives. In our experience, concomitant MRI examination of the brain and spine is useful in reducing the number of false-negative studies. Nonetheless, a definitive diagnostic algorithm has yet to be proposed and remains a subject of ongoing research.
Conclusion
The low CSF pressure headache remains a challenging clinical entity, from both a diagnostic and therapeutic perspective. Overall, there exist a large number of diagnostic imaging tests, each of which has demonstrated utility in a particular context (ie, slow vs fast vs intermittent CSF leak); however, to date, an optimal, algorithmic approach to the imaging workup of the low CSF pressure headache has yet to be determined and the particular study, or combination of studies, used varies between referring physicians, centers, and patients. Nonetheless, we believe that drawing attention to the types of studies available for investigating this clinical entity will help both the neurologist and neuroradiologist in the workup of this frequently encountered condition.
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